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Introduction
The honeycomb lattice has the smallest number of (three) nearest neighbors that is possible for two dimensional systems. Materials with the honeycomb lattice structure have attracted considerable interest over the years in the condensed matter community, not least for the discovery of massless Dirac fermions in graphene. 1, 2 At the same time, honeycomb lattice consisting of magnetic ions are the focus of some interesting ideas such as the Kitaev model, 3 wherein frustrated, directional anisotropic nearest neighbor interactions yield a spin liquid ground state from which exotic quasiparticles called anyons may emerge. Moreover, these may serve as the basis for fault-tolerant quantum computers. 4 Another interesting quantum spin liquid phase was also reported for the Hubbard Model on a honeycomb lattice, 5 whilst a topological insulating state has been discussed in cases where the spin-orbit coupling (SOC) is sufficiently 3 strong, such as Na 2 IrO 3 . 6, 7 Honeycomb lattice compounds containing Ir 4+ ions (such as Li 2 IrO 3 and Na 2 IrO 3 ), with a large SOC leading to an effective total angular momentum, J eff = 1/2, [8] [9] [10] [11] [12] have drawn both theoretical and experimental interests in recent years, as they are seen to be probable test beds for the Kitaev model. Nevertheless, these A 2 IrO 3 compounds (with A = Li and Na) differ from the ideal Kitaev model in that isotropic Heisenberg exchange interactions, arising mainly from direct exchange between nearest neighbor Ir-ions, compete with the directional anisotropic Kitaev interactions. The ground state of such a Heisenberg-Kitaev (HK) model may be one of two spinliquid or four long-range ordered phases depending on the relative strengths of the Kitaev and the Heisenberg interactions, 13 whilst the A 2 IrO 3 systems were identified to be long-range ordered zigzag-type antiferromagnets (AFMs). 14, 15 In order to understand better the physics of the honeycomb lattice at a strong SOC limit, it can be a useful and, at the same time, interesting exercise to investigate honeycomb lattice materials at a weak SOC limit. This is an approach we adopted here by examining Li 2 MnO 3 of such an example thoroughly. Li 2 MnO 3 also belongs to the "213" honeycomb structure family of compounds 16 with the general formula A 2 TMO 3 . 17 It crystallizes in the monoclinic C2/m space group. Due to its interesting electrochemical activity, 18 Li 2 MnO 3 has been widely studied for applications in Li-batteries. Below the Néel temperature, T N = 36.5 K, Li 2 MnO 3 exhibits an antiferromagnetic ordering of the magnetic moments of Mn 4+ ions. 19 As shown in Fig. 1(a) , it has an alternate stacking of a layer of Li (1) 
Experimental and computational methods
The Li 2 MnO 3 single crystals were grown by a two-step flux method. 20 In the first step, 
Results

Magnetic structure of Li 2 MnO 3
As stated in the introduction, the antiferromagnetic structure of Li 2 MnO 3 has already been reported by Lee et al. 20 However, following a recent report 24 that presents a contradicting 6 C x -type AFM model structure that is claimed to fit the muon-spin rotation and relaxation (μ + SR)
experimental data, we were prompted to reinvestigate the magnetic structure of Li 2 MnO 3 using the single crystal ND data: we measured 320 magnetic Bragg peaks and used 221 independent peaks in our analysis. We attempted to fit the experimental ND data (collected at 10 K) using the following magnetic model structures: which is more clearly seen for H c* than for H ^ c*. As the applied external magnetic field is increased, T N gradually decreases. Below T N , a minimum is observed in the magnetization for H || c* > 8.5 T and it shifts to higher temperature with increasing field until H > 11 T, where no clear (or sharp) minimum can be seen. At higher fields, for example H = 14 T, the changes in magnetization corresponding to both H || c* and H ^ c* appear to be very similar. The minima in M are due to the SF transitions corresponding to the specific values of H ^ ab-plane (i.e., H || c*), because these occur only for H applied (nearly) parallel / antiparallel to the direction of the magnetic moments (μ) of an antiferromagnet with low anisotropy 27 and not for H ^ μ. We note here that, in principle, the SF transitions can be either first order or second order. 
Mean field analysis and the spin-flop transition of Li 2 MnO 3
The essential features of the observed SF transitions and some other physical properties of Li 2 MnO 3 may be described by a spin, S = 3/2 Heisenberg model with weak easy axis anisotropy (along c*-axis), using the following Hamiltonian: Given the above constraints, we found that the following set of exchange and anisotropy constants explains our data better: J 1 = −0.84 meV, J 2 = J 3 = −0.02 meV, J c = −0.01 meV, and K = −0.067 meV. The calculated magnetization is shown as dashed lines (MFCs) in Fig. 3(a,b,c) and Fig. 4 , and the calculated magnetic phase diagram is given by the background in Fig. 5 . The spin-flop transitions are calculated to be first order at low temperatures, which is consistent with the experimental observations, and apparently merging at T ≈ 16 K. Above this temperature, as a function of increasing field, the moments rotate smoothly from being perpendicular to the abplane to parallel to the ab-plane, reminiscent of a liquid-gas critical point. However, although the agreement between the theoretical calculations and the experimental results are reasonably good, there are clear disagreements too. A most noticeable case is that the calculated magnetization is bigger than the experimental field dependence of the magnetization data shown in Fig. 3 . We have tested several alternative models by varying values of J and K to resolve this discrepancy before coming to a conclusion that the magnetic moment of Mn ions may as well be effectively smaller in the real material than the spin-only ionic value (3 µ B ). In fact, the ordered moment determined by the ND refinements is not 3 μ B but ~2.3 μ B . This is strong evidence that supports our idea. Moreover, short-ranged fluctuations, often present in two-dimensional spin systems, can reduce the effective spin value too, which, in principle, cannot be accounted in mean-field calculations. Therefore, we repeated the calculations using the following set of parameters for a spin, S = 1 model: 
Discussions
It is well known that the SF occurs if an external magnetic field of sufficient strength is applied parallel to one of the two sub-lattice magnetic moments of an antiferromagnet with a small anisotropy of easy axis of magnetization. 26, 27 The whole process of SF is an act of reducing the energy of the system which, otherwise, is higher if one of the AFM sub-lattice's moments In fact, it is interesting to note that a FM spin-structure in a honeycomb lattice system (even though a classical ground state) is another possible magnetic phase of the HK model 13, 29 that is widely studied at present. It may be possible to observe a field-induced FM phase in a honeycomb lattice system (e.g., Li 2 MnO 3 or a similar one) at extremely high magnetic fields. We observe that the search for honeycomb lattice systems with such field-induced FM phase or FM ground state may lead to the emergence of new applications of magnetism in honeycomb lattice. 13 and 29 the magnetic structure we found for the spin-flop phase is not found to be stable.
Second, our high field data demonstrate that one can adiabatically move from the Néel phase to the FM phase. Therefore, it will be highly interesting to examine the thermodynamics of the HK Hamiltonian plus a Zeeman term as a function of magnetic field. Thus far we believe that our experimental works demonstrated that there is more for future developments, which could offer much better understandings on the magnetism of honeycomb lattice systems with any spin-S. In this picture, unless specified otherwise, the direction of the magnetic field is parallel to c*-axis.
Summary and conclusion
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The corresponding magnetization calculated using mean field models (MFC) having spin S = 3/2 and S = 1 are shown by dashed lines and dashed-symbol lines respectively. 
